Two major gene families derived from Ty3/Gypsy long terminal repeat (LTR) retrotransposons were recently identified in mammals. The sushi-ichi retrotransposon homologue (SIRH) family comprises 12 genes: 11 in eutherians including Peg10 and Peg11/Rtl1 that have essential roles in the eutherian placenta and 1 that is marsupial specific. Fifteen and 12 genes were reported in the second gene family, para-neoplastic antigen MA (PNMA), in humans and mice, respectively, although their biological functions and evolutionary history remain largely unknown. Here, we identified two novel candidate PNMA genes, PNMA-MS1 and -MS2 in marsupials. Like all eutherian-specific PNMA genes, they exhibit the highest homology to a Gypsy12_DR (DR, Danio rerio) Gag protein. PNMA-MS1 is conserved in both Australian and South American marsupial species, the tammar wallaby and grey short-tailed opossum. However, no PNMA-MS1 orthologue was found in eutherians, monotremes or non-mammalian vertebrates. PNMA-MS1 was expressed in the ovary, mammary gland and brain during development and growth in the tammar, suggesting that PNMA-MS1 may have acquired a marsupialspecific function. However, PNMA-MS2 seems to be a pseudogene. The absence of marsupial orthologues of eutherian PNMA genes suggests that the retrotransposition events of the Gypsy12_DR-related retrotransposons that gave rise to the PNMA family occurred after the divergence of marsupials and eutherians.
Introduction
Approximately 40 -50% of the mammalian genome is derived from transposable elements, such as retrotransposons and DNA transposons. 1 -5 The Ty3/Gypsy long terminal repeat (LTR) retrotransposons have been detected in various eukaryotic organisms including fungi, plants, insects, tunicates and echinoderms as well as in several vertebrates, such as fish, amphibians and reptiles, but not in mammals and birds. 6 However, discrete regions within these elements have acquired new functions as novel endogenous genes and are highly conserved in marsupials and eutherians. 7 -12 Two major gene families derived from the Ty3/Gypsy LTR retrotransposons are the sushi-ichi retrotransposon homologue (SIRH) family (also called the MART or SUSHI family) comprising 12 genes encoding a Gag-like protein, each of which has 20 -30% similarity to the sushi-ichi retrotransposon Gag in pufferfish (Takifugu rubripes), 9 -11 and the para-neoplastic antigen MA (PNMA) family also encoding the Gag-like protein homologous to the Gypsy12_DR retrotransposon Gag in zebrafish (DR, Danio rerio) 13 comprising 15 and 11 genes in humans and mice, respectively. It should be noted that the homology between these two LTR retrotransposons is only 6.5% and 13.6% along with the entire Gag and Pol regions, respectively. PEG10/SIRH1 is a therian-specific gene, and PEG11/ SIHR2 and the remaining SIRH3 -11 seem eutherian specific, while SIRH12 was derived from a marsupialspecific retrotransposition event. We previously demonstrated that Peg10/Sirh1 and Peg11/Sirh2 are essential for placental formation and function in mice. 7, 8 Most PNMA genes are expressed in the brains of macaques and mice and their functions remain unknown.
14 PNMA1 -3 were first identified as genes encoding neuronal auto-antigens using sera from patients with para-neoplastic neurological syndromes. 15 Schüller et al. 16 and Campillos et al. 13 performed genome-wide analyses and identified additional 12 family genes in humans among which PNMA6 has no mouse orthologue. No Gypsy12_DR Gag-derived sequences were reported in birds, 13 and thus, it is probable that the PNMA genes are also mammal specific. However, the search has been limited in several eutherian species and the existence of marsupial orthologues and/or marsupial-specific PNMA genes remained unknown.
Here, we conducted comprehensive in silico screening for the PNMA genes using the whole-genome shotgun (WGS) sequences of the grey short-tailed opossum 4 and the tammar wallaby 5 and identified a novel PNMA-MS1 gene as the first marsupial-specific PNMA gene.
Materials and methods

Animals and tissue collection
Tammar wallabies (Macropus eugenii) of Kangaroo Island, South Australia origin, were maintained in The University of Melbourne marsupial breeding colony in grassy outdoor enclosures. Lucerne cubes, grass and water were provided ad libitum and supplemented with fresh vegetables. The day of birth of pouch young was designated as d0. When the day of birth was unknown, their age was estimated using the head length. 17 Foetal tissues including the head and body were collected from two foetuses at Day 23 and 26 of gestation, and the yolk sac placenta (YSP) from four foetuses sampled between Day 23 and 26 of gestation.
Tissues including the brain, liver, lung, kidney, ovary and testis were collected from two pouch young aged Day 60-70 after birth. The liver, lung, pancreas, stomach, bladder, heart, kidney, adrenal, spleen and brain (cerebrum and cerebellum) were collected from Day 152 and 162 pouch young. Adult female tissues, including the brain (thalamus, hypothalamus and pituitary), ovary (ovary with active corpus luteum, corpus luteum, ovary with developing follicle and ovary with primary or secondary follicle), endometrium (gravid endometrium and non-gravid endometrium) and mammary gland (sucked gland and non-sucked gland) were also collected from two adults. Grey short-tailed opossums (Monodelphis domestica) were purchased from a breeding colony in the Department of Physiology at the University of Melbourne. The brain, liver, spleen, pituitary and ovary were collected from five adult opossums. Experimental procedures conformed to the Australian National Health and Medical Research Council guidelines 18 and were approved by the Animal Experimentation Ethics Committees of the University of Melbourne.
Reverse transcriptase polymerase chain reaction
Genomic DNA and total RNA from tissues were prepared by using TRIZOL (Invitrogen), as described in the manufacturer's protocol. cDNA was synthesized from 1 mg of total RNA using Superscript III reverse transcriptase (Invitrogen) with an oligo dT primer. Polymerase chain reaction (PCR) amplification for gene expression profiles were carried out using 10-100 ng of cDNA in a 25-ml reaction mixture containing 1 Â ExTaq buffer, 2.5 mM deoxynucleotide triphosphasteses, 10 pmol primers and 1.25 U ExTaq HS (TaKaRa) and were subjected to 30-35 PCR cycles; 968C for 15 s, 60-658C for 30 s and 728C for 15 -120 s depending on the length of PCR products at the ratio of 1 min/kb. PCR products were visualized by agarose gel electrophoresis with ethidium bromide staining. The primers used for the expression profiles were as follows: 
Detection and prediction of the Gypsy12_DR
Gag-derived genes For the detection of PNMA family genes, we performed TBLASTN searches (e-value ,1.0E29) using the NCBI server (http://blast.ncbi.nlm.nih.gov/Blast. cgi) against eutherian reference genomic sequences and marsupial WGS sequences using the Gypsy12-I_DR Gag protein sequence from Repbase (http:// www.girinst.org/) as a query . After TBLASTN searches, sequences that encoded open reading frames (ORFs) with .100 aa (amino acids) were selected for the next analysis. Secondary screening was performed with all the sequences that were selected by first screening as a query. In addition, only sequences encoding proteins with .100 aa were considered to be candidate PNMA family genes and those with ,100 aa were considered as PNMA pseudogenes. Genome resources used were: Homo sapiens (GRCh37.p5), Mus musculus (MGSCv37), M. eugenii (Meug_1.1) and M. domestica (MonDom5). ORF prediction was performed using an ORF finder (http://www.ncbi.nlm.nih.gov/gorf/gorf. html).
Multiple alignment and phylogenetic tree
PNMA family genes and retrotransposons from Repbase were aligned using the MEGA 5.0 (Molecular Evolutionary Genetics Analysis). Phylogenetic tree analysis was also performed using the MEGA 5.0. The tree was inferred using the neighbour-joining method with the bootstrap test (1000 replicates). The evolutionary distances were computed using the p-distance method and are in the units of the number of amino acid differences per site. All ambiguous positions were removed for each sequence pair.
Comparative genomic analysis
For comparison of the marsupial PNMA-MS1 and -MS2 genomic regions with the corresponding regions in eutherian species, we extracted the following sequences from Ensembl (http://www.ensembl.org); Alignments were obtained using the VISTAWeb server (http://genome.lbl.gov/vista/). PNMA-MS1 syntenic regions of several species identified above were aligned using the default setting (.70% identity and .100 bp in length) of mVISTA using the LAGAN global multiple alignment option.
Results
Novel candidate PNMA genes in humans and mice
We validated our approach to search for candidate PNMA genes in marsupials by performing TBLASTN analysis against human and mouse reference genomic sequences using the Gypsy12_DR Gag protein as a query. With a cut-off e-value of ,1.0E29, this screening resulted in 19 and 15 candidates in the human and mouse genomes, respectively. In humans, 15 of the 19 were known PNMA genes and the remaining 4 were novel putative PNMA genes, PNMA7/ LOC649201, PNMA8/LOC649238, PNMA9/LOC100 128960 and PNMA16 (Table 1, Humans). In mice, 12 of the 15 were known, with two novel putative PNMA genes, Pnma7/Gm7028 and Pnma9/Gm6858, and one pseudogene, Gm 1832215 identified (Table 1 , Mouse).
The putative human PNMA7-9 genes were located near PNMA6A -D cluster on Chromosome Xq28. There is a sequence gap between PNMA6A -B and 6C -D, so additional PNMA genes may exist in this region ( Supplementary Fig. S1 ). The high homology (47 -57%) between the putative amino acid sequences of the PNMA7 -9 and PNMA6A -D genes suggested that they share a common ancestor and evolved by gene duplication (see Fig. 3 ). The putative murine Pnma7, 8 and
S. Iwasaki et al. 20, 9 are all located in the orthologous region on the X chromosome. However, the PNMA6 cluster is absent from the mouse genome ( Supplementary Fig. S1 ). This region is occupied by the X-linked leucocyte-regulated complex (Xlr) gene cluster.
Identification of novel PNMA genes in marsupials
A comprehensive search of the tammar wallaby (Meug_1.1) and opossum WGS (MonDom5) for PNMA genes was then undertaken using the same method as the human and mouse above. Twenty and 14 hits were returned for TBLASTN searches of the tammar and opossum genomes, respectively (Table 1 , Tammar wallaby and Opossum). However, most of the sequences were predicted to be pseudogenes or remnants of the original retrotransposons (,100 aa). Only ORFs predicted to encode .100 aa were considered to be marsupial PNMA candidate genes. One candidate exhibited the highest homology to the Gypsy12_DR Gag protein along with matrix (MA), Nand C-terminal parts of capsid like (N-and C-CA) and cys-cys-his-cys (CCHC) zinc finger domains and had a putative ORF consisting of 456 and 458 aa in the tammar and opossum, respectively (Fig. 1) . Therefore, we named it PNMA-MS1 as a novel marsupial-specific PNMA gene. The marsupial PNMA-MS1 gene was located on a syntenic segment in the tammar (Gene scaffold_503:27168-31803) and the opossum (Chr.3: 260 874 625 -260 879 998). A second PNMA candidate was identified in the opossum, PNMA-MS2, that had a putative ORF encoding 112 aa with high homology only to a central part of the capsid-like domain of the Gypsy12_DR Gag. It was located on Chromosome 1: 416 409 687 -416 414 127, where an olfactory receptor (OR) gene cluster exists (see below). The presence of PNMA-MS2 in the tammar was inconclusive due to the incomplete assembly of the corresponding region of the genome.
Genomic structure of PNMA-MS1 in the tammar
wallaby The full-length sequence of tammar PNMA-MS1 consisting of 4290 bp was determined by 5 0 -and 3 0 -RACE. It has two exons and encodes a putative ORF encoding a 456 aa sequence (Fig. 2) . The PNMA-MS1 putative ORF shared 28% similarity at the amino acid level with the Gag protein of Gypsy12_DR retrotransposon (Fig. 3A) . Multiple alignment and phylogenetic tree analyses of the putative PNMA-MS1 and -MS2 amino acid sequences are shown in Fig. 3A and B. The Pol protein and LTR regions are absent from PNMA-MS1 and -MS2, suggesting that they no longer have retrotranspositional activity (Fig. 3A) . The marsupial PNMA-MS1 and -MS2 protein sequences were grouped together and Candidates in humans, mouse, tammar wallaby and opossum. Newly identified PNMA family genes in this study are coloured in grey. 'Pseudo' denotes putative ORFs from sequences detected by TBLASTN, which encode ,100 aa. more closely related to the zebrafish Gypsy12_DR Gag than to the mouse and human proteins (Fig. 3B) .
Comparative genomic analysis of PNMA-MS1
and -MS2 To elucidate whether PNMA-MS1 is a marsupial-specific PNMA gene, comparative genomic analysis was performed using the VISTA tool with several vertebrate genomic sequences. PNMA-MS1 was located in the intron 8 of the laminin alpha 3 (LAMA3) gene that is highly conserved in vertebrates. No PNMA-MS1 orthologue was found in the syntenic region of any eutherian species, platypus (monotreme mammals), chicken (birds), frog (amphibian) and fugu (fish), demonstrating that PNMA-MS1 is marsupial specific (Fig. 4A) . It indicates that PNMA-MS1 retrotransposition occurred only in the marsupial lineage after their divergence from eutherians (Fig. 5) .
PNMA-MS2 was located between an OR1Q1 gene and an OR1J2-like pseudogene (ENSMODG000000 19710) that lies 12-kb upstream of the former, in an OR gene cluster located between prostaglandinendoperoxide synthase 1 (PTGS1) and phosducin-like (PDCL) genes 19, 20 on opossum Chromosome 1. At present, we cannot confirm the presence or absence of PNMA-MS2 in the tammar because the corresponding regions encompassing the PTGS1 and PDCL genes are yet to be completely assembled. Recently, another Australian marsupial genome of the Tasmanian devil has been sequenced, and the region syntenic to that between opossum OR1N2 and PDCL became available. It contains some gaps but none between opossum OR1Q1 and ENSMODG00000019710 (OR1J2-like pseudogene). A search of this region clearly demonstrated that the PNMA-MS2 orthologue is absent from the Tasmanian devil genome. The syntenic OR cluster lies between PTGS1 and PDCL in the human Chromosome 9 and mouse Chromosome 2, respectively, but neither the number nor the order of OR genes and pseudogenes are conserved. As the human and mouse genome sequences in this region are complete and contain no gaps, the absence of the PNMA-MS2 orthologue was confirmed (Fig. 4B) . For the platypus, the PTGS1 and PDCL genes are located next to each other, with no OR gene cluster and no PNMA-MS2 orthologue, like in the chicken and fugu (Fig. 4B) .
These results suggest that the integration of selected OR genes occurred between the PTGS1 and PDCL genes in a common therian ancestor, and that the opossumspecific insertion of PNMA-MS2 occurred after the divergence of eutherians and marsupials and the geographic separation of Australian and South American marsupials (Fig. 5) . However, the possibility that the PNMA-MS2 orthologue exists in some of Australian marsupial species cannot be excluded. It is possible that PNMA-MS2 was deleted from Australian marsupial species after integration in a common marsupial ancestor (Fig. 5) .
Expressions of PNMA-MS1 in the tammar wallaby
and PNMA-MS2 in the opossum PNMA-MS1 expression was investigated in several tissues in four different stages of the tammar wallaby, including foetal and pouch young stages. Human LAMA3 is expressed ubiquitously (EST profile Hs.436367). To exclude the possibility that heterogenous nuclear RNA (hnRNA) was detected between exons 8 and 9 of the LAMA3 gene rather than PNMA-MS1, we amplified PNMA-MS1 using PCR primers designed within exons 1 and 2, respectively. Thus, the PCR product was shorter than its genomic sequence corresponding to hnRNAs of LAMA3 and PNMA-MS1. LAMA3 expression was analysed using primers designed to exons 79 and 81, near the 3 0 -UTR, due to the poor genome sequence quality in introns 84-90 of tammar LAMA3. Tammar LAMA3 expression was almost ubiquitous, with the exception of several pouch young tissues.
From Day 23 to 26 pregnancy, PNMA-MS1 expression was detected in the foetal head and body, but there was no expression in the YSP (Fig. 6A) . In pouch young aged Day 60-70, PNMA-MS1 was detected only in the brain, kidney and ovary, but not in the liver, lung or testis (Fig. 6B) . In Day 152 and 162 pouch young, changes in PNMA-MS1 expression were minimal, with expression detected in the kidney, liver, pancreas, heart, spleen and stomach, but not in the lung, bladder, adrenal, cerebrum or cerebellum (Fig. 6C) . In the adult female, the brain (thalamus, hypothalamus and pituitary), ovary (ovary with active corpus luteum, corpus luteum alone, ovary with enlarged developing follicle and ovary with primary or secondary follicles), endometrium (gravid endometrium and non-gravid endometrium) and mammary gland (sucked gland and non-sucked gland) were examined. PNMA-MS1 expression was detected in the ovary (all four stages), mammary gland (sucked and non-sucked) and thalamus, but not in the hypothalamus or pituitary (Fig. 6D) . There was no expression in either the gravid, or non-gravid, endometrium.
PNMA-MS2 expression was analysed in five tissues, the brain, liver, spleen, pituitary and ovary, using three primer sets designed in the putative coding frame. However, there was no expression in these tissues, suggesting that PNMA-MS2 is not active in the opossum (data not shown). Although we cannot exclude the possibility that it may be expressed in a stage or tissue-specific manner, we conclude that PNMA-MS2 is a pseudogene.
Discussion
PNMA-MS1 is a marsupial-specific PNMA gene
In this study, we have identified PNMA-MS1 as a novel Ty3/Gypsy LTR retrotransposon-derived gene. Comparative genomic analysis showed that PNMA-MS1 was present only in the marsupial lineage and was absent in the eutherian and monotreme mammals and in the non-mammalian vertebrates. PEG10/SIRH1 and SIRH12 are the only Ty3/Gypsy LTR retrotransposon-derived genes (derived from sushiichi-related retrotranposons) reported in marsupials so far. 11, 21 Therefore, the PNMA-MS1, which is also a Ty3/gypsy LTR retrotransposon-derived gene, is the first and only member of the PNMA gene family in the marsupials.
The sushi-ichi-related retrotranposon that gave rise to the SIRH family was probably active around the tammar genome sequence has a gap of about 200 bp that located at the 5 0 -side of exon 9 (shown by a green bar). (B) The region from PTGS1 to PDCL in the opossum, human, mouse, platypus, chicken, frog and fugu genomes is shown (upper). PNMA-MS2 is located between the OR1Q1 gene and an OR1J2-like pseudgene (ENSMODG00000019710) in the opossum (red bar), but is absent in the Tasmanian devil, human and mouse genomes (red bars indicate the equivalent region in these species. An mVISTA alignment of the OR1Q1-ENSMODG00000019710 region in the opossum (lower) confirms that PNMA-MS2 is not present in the Tasmanian devil, human or mouse.
time of the divergence between marsupials and eutherians, because PEG10/SIRH1 is conserved between the eutherians and marsupials, 21 while SIRH3 -11 seems to be eutherian-specific and SIRH12 evolved from a marsupial-specific retrotransposition event. 11 We did not detect any orthologues of PNMA-MS1 or -MS2 in the eutherian genome, nor any orthologues of eutherian PNMA1 -16 genes in the marsupial genomes (data not shown). Due to many sequence gaps in the tammar wallaby, Tasmanian devil and opossum genomes, we cannot exclude the possibility that some marsupial orthologues of eutherian PNMA genes exist in such gap regions. Thus, it is possible that some retrotransposition events of Gypsy12_DR-related retrotranposon occurred in the common ancestor of the marsupials and eutherians. However, the higher similarity of PNMA-MS1 and -MS2 to Gypsy12_DR Gag than any other eutherian PNMAs suggests that their insertions in the marsupial genome were recent events. Taken together, these results suggest that the retrotransposition of Gypsy12_DR-related retrotransposon occurred after the divergence of the marsupials and eutherians. The PNMA genes then evolved independently in these two lineages (Fig. 5) .
In our analysis, only PNMA-MS1 was detected in the tammar and opossum in contrast to 19 and 14 PNMA genes in humans and mice, respectively. We also observed the same trend in the SIRH genes: 11 genes in both humans and mice, while there are only 2 genes (PEG10 and SIRH12) in the tammar genome.
11
This implies that the eutherian genome has a greater ability of exaptation as more Ty3/Gypsy types of LTR retrotransposons were incorporated into the genomes as endogenous genes than in the marsupial genomes.
4.2.
The possible role of PNMA-MS1 genes in marsupial development In rare cases, some retrotransposons have been incorporated as novel acquired genes into the host genomes and have contributed to the innovation of some eutherian-specific characteristics. Two such advantageous genes, PEG10/SIRH1 and PEG11/SIRH2, play essential roles in the placental development in mice. 7, 8 The role of PNMA-MS1 in marsupial development and growth is less clear. PNMA-MS1 expression was detected in the tammar brain, consistent with the expression of eutherian PNMA genes in brain. Interestingly, PNMA-MS1 expression was confirmed only in the thalamus, but not in the hypothalamus, and pituitary in the adult brain. The thalamus has multiple functions including relaying sensation, spatial sense and motor signals to the cerebral cortex, 22 so it is possible that PNMA-MS1 is involved in the transmission of marsupial-specific sensations and signals. PNMA-MS1 expression in the Day 60 -70 pouch young ovary and adult female ovary suggests the gene may have a role in ovarian function. These issues will be addressed in a future study.
PNMA-MS1 protein has a conserved CCHC zinc finger domain. In retroviruses, this domain forms a part of the nucleocapsid protein that functions in virus genome packaging and the early infection process. 23 Proteins containing the CCHC zinc finger domain are commonly known to interact with single-stranded DNAs (ssDNAs) and RNAs. 24 The Drosophila Nanos protein is required for hunchback mRNA translational regulation in the early embryo to the establishment of the anterior -posterior body axis. 25 The mammalian cellular nucleic acid-binding protein (CNBP) containing seven CCHC domains is involved in neural crest development, affecting forebrain and craniofacial development. 26 CNBP has a single-stranded nucleic acid-binding ability and is also implicated in both transcriptional and translational regulations. 27, 28 Therefore, PNMA-MS1 may also be involved in a specific-transcriptional or translational regulation by binding ssDNAs or RNAs. PNMA-MS1 insertion occurred in a marsupial ancestor prior to the radiation of marsupial species. PNMA-MS2 was only found in the opossum and not in the Tasmanian devil, human and mouse, which suggests that PNMA-MS2 was acquired only in the opossum lineage after the divergence of the Australian and South American marsupials, but it does not show active transcription. The insertion of eutherian PNMA family genes occurred in a eutherian ancestor prior to the radiation of eutherian species. There are no PNMA family genes (or pseudogenes) in the platypus (monotremes) and chicken (birds).
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Conclusions
We have identified one novel Ty3/Gypsy LTR retrotransposon-derived gene, PNMA-MS1 in marsupials as the first marsupial-specific PNMA gene reported. The high PNMA-MS1 expression levels in the thalamus, ovary and mammary gland provide intriguing questions as to its functions in marsupial development and growth as well as its role in marsupial evolution. Our data suggest that, in most of the cases, Ty3/Gypsy LTR retrotransposons have been independently incorporated into the marsupial and eutherian lineages. Consequently, the marsupials and eutherians have completely different sets of PNMA and SIRH genes, with the exception of PEG10. Thus, it is highly likely that these genes have evolved lineage-specific functions in the reproduction and development and contributed in establishing marsupial-or eutherian-specific traits, leading to the diversification of these two viviparous mammalian groups.
